Early detection of cancer and its curable precursors remains the best way to ensure patient survival and quality of life. Thus, highly selective, sensitive and cost-effective screening and diagnostic techniques to identify curable pre-cancerous lesions are desperately needed. Precancers are characterized by increased nuclear size, increased nuclear/cytoplasmic ratio, hyperchromasia and pleomorphism, which currently can only be assessed through an invasive, painful biopsy. Here, we describe the development of a non-invasive optical technique based on polarized reflectance spectroscopy that has the potential to provide in real time diagnostically useful information for pre-cancer detection. Our results demonstrate that polarized reflectance spectroscopy can be used to selectively detect the size-dependent scattering characteristics of nuclei in vivo. We gradually progress from cell suspensions to realistic three-dimensional tissue models of epithelium, then to cervical biopsies and, finally to in vivo studies on normal volunteers and clinical patients.
Introduction

Clinical Problem
Cancer is the second leading cause of death in the US, exceeded only by heart disease. The majority of cancers are of epithelial origin. Early diagnosis of preinvasive curable epithelial neoplasia can dramatically reduce both the incidence and mortality associated with cancer. Hence, there is a desperate need for highly sensitive and cost-effective screening and diagnostic techniques to identify curable pre-cancerous lesions. A major limitation of current clinical diagnosis is that morphological and molecular changes associated with carcinogenesis can be assessed only after an invasive biopsy. Despite being invasive this approach can not monitor dynamic changes associated with the disease that are particularly important in monitoring chemoprevention trials and response to therapy. However, it has been demonstrated that optical techniques can assess morphologic and biochemical alterations in epithelial tissue, non-invasively and in realtime. Therefore, optical technologies hold great promise for non-invasive detection and monitoring of pre-cancers (1-6).
Morphological Biomarkers of Cancer
Cancer progression in epithelial tissue is associated with a sequence of morphological changes that originally occur at the basal epithelial layer and then proceed upward toward the surface. Epithelial pre-cancers are characterized by a variety of architectural and morphological features including increased nuclear size, increased nuclear/cytoplasmic ratio, hyperchromasia and pleomorphism. In addition, there is increasing evidence of significant changes occurring in the stromal layer at the earliest stages of carcinogenesis as a result of epithelial-stromal interactions (7, 8) . Pre-cancer is marked by the amount of epithelium it encompasses. Pre-cancerous changes that include the basal and intermediate layer, twothirds of the epithelium, or all of the epithelium thickness, are given the diagnosis of moderate dysplasia, severe dysplasia, or carcinoma in situ (CIS), respectively (9). After the development of CIS, invasion can proceed through the basement membrane and into the stroma. Once cancerous cells penetrate the stroma, capillary contact can occur, leading to metastasis (9). Observing these morphologic changes is central to early detection and diagnosis of precancer.
Optical Technology
Biochemical and morphologic changes associated with precancer perturb tissue absorption, scattering, and fluorescence properties; thus optical spectroscopy can probe pre-cancerous changes. When light impinges on tissue, it is typically multiply elastically scattered, with absorption and perhaps fluorescence also occurring. As light makes it way back to the tissue surface, further scattering and absorption can occur. The morphological and architectural changes that accompany the development of pre-cancer effect the elastic scattering properties of tissue (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . It was demonstrated that the wavelength dependence of elastic light scattering can be used to determine nuclear morphology -one of the key biomarkers of pre-cancer.
In 1998, Perelman developed a simple analytical model based on the approximate solution of the transport equation for the diffuse reflectance signal to extract the single scattered component of light diffusely scattered by tissue (12) . Single scattering of light by cells was approximated using Mie theory, to extract the distribution of nuclear sizes. This technique showed promising results in the diagnosis of precancer in four organ sites in situ (13, 22) . In these experiments, tissue was illuminated with unpolarized light, and the intensity spectrum of reflected light was measured. The reflected light consisted of both singly scattered light originating from the epithelial cells, as well as a much stronger multiply scattered background component produced in the stroma, which was modulated by hemoglobin absorption. The contribution of the background was modeled and subtracted from the experimental reflectance spectra in order to extract the relatively weak single scattering signal produced by epithelial cells. Subsequently, this single scattering component was approximated using Mie theory to obtain the distribution of nuclear sizes. The accuracy of this approach depends strongly on the ability of the model to describe the scattering and absorption properties of the stromal layer.
In a modified approach, polarized illumination/detection was used to isolate the single scattered component in the presence of a large diffuse stromal scattering background that is modified by hemoglobin absorption (10, 11, 23) . This approach is based on the fact that a few scattering events do not significantly alter the polarization of incident light while multiple scattering events lead to depolarization. Only a few scattering events occur in the epithelial layer, whereas light that penetrates deeper in the tissue undergoes multiple scattering by stroma as well as absorption by hemoglobin. When polarized illumination is used, the portion of the reflectance spectrum with polarization parallel to the illumination light polarization consists of light scattered by epithelial cells and a portion of the diffuse background signal from stroma. At the same time the component of the reflectance spectrum with polarization perpendicular to that of the incident light polarization contains only the diffuse background scattering. Consequently, the size-dependent scattering characteristics of the epithelial layer can be obtained after the perpendicular component of the scattered light is subtracted from the parallel one. Anderson et al. (24) and Jacques et al. (25, 26) used this technique to image superficial and deep features in skin. Sokolov et al. (10) and Backman et al. (11) analyzed the wavelength dependence of the single scattered light to extract nuclear sizes of epithelial cells. Myakov et al. (23) developed a fiber optic probe for polarized reflectance measurements and demonstrated its application in oral cavity in vivo. Subsequently, polarized light-scattering spectroscopy was used by Gurjar et al. (27) to image ex vivo colonic polyps. Using the polarized illumination/detection technique, Gurjar et al. was able to obtain mean nuclear diameter, nuclear size distribution, and refractive index of nuclei at each pixel. Additionally, the authors suggest that the refractive index can be quantitatively related to chromatin content of nuclei.
In this manuscript, we will overview our recent studies on the development of polarized reflectance spectroscopy for noninvasive real time detection and monitoring of morphological and architectural changes in epithelial tissue associated with carcinogenesis. In our research we use an integrated approach that consists of three parallel efforts: (i) theoretical modeling; (ii) studies of tissue phantoms and biopsies; and (iii) development of clinical instruments, culminating in clinical trials.
Materials and Methods
Cell Cultures
We used suspensions of cervical epithelial cancer cells (SiHa) as a model of cervical dysplasia. Suspensions of cells were placed atop a diffuse scattering substrate to mimic diffuse scattering from the stromal layer. Polarized reflectance measurements were performed in a pure PBS buffer and in the presence of BSA or acetic acid (AA). Size distributions for nuclei and whole cells were determined independently using phase contrast microscopy. We also determined aver-age refractive indices of cellular cytoplasm and nuclei using the approach described in (10, 28). Briefly, we used a high concentration of bovine serum albumin (BSA) to match the refractive index of cytoplasm or nucleus with the refractive index of the surrounding medium. The concentration of BSA that provides the refractive index matching between the cytoplasm and the surrounding medium was determined using phase-contrast microscopy. The BSA concentration was adjusted until the visible phase-contrast mismatch between the surrounding medium and the cellular cytoplasm or nucleus was eliminated (28). Then the refractive index of the BSA solution was independently measured.
3D Cell Cultures
Conventional cell cultures provide homogeneous samples to study changes in normal and transformed epithelial cells. However, these cultures do not reflect the complex spatial organization of the epithelium and underlying stroma present in tissue. We used recent developments in molecular biology to implement a series of progressively more complex culture models that have the desired physical and chemical properties and can be manipulated through the neoplastic process. Our strategic plan to create realistic three-dimensional culture models is based on a step by step reconstruction of epithelial tissue using main components characteristic of the human epithelium ( Figure 1 ). To model different stages of oral epithelial cancer, cell lines characteristic for normal, pre-cancerous and cancerous oral epithelium can be used.
A two-layer biologically relevant tissue phantom was constructed using SiHa cervical cancer cells. The top layer was composed of densely packed SiHa cells to mimic epithelium and the bottom layer was a collagen gel to model the underlying stroma. To create 3D tissue cultures, suspensions of epithelial cells were spun down and a small amount of buffered collagen type I was added to the pellet. The concentration of the cells in the pellet was 60-100 million cells/ml. To prepare the buffered collagen solution a lyophilized collagen was dissolved in 0.2% acetic acid to 3 mg/mL. Phosphate buffered saline and 0.2M HEPES solutions were added to provide physiological pH, ionic strength and buffering capacities as described in (29) . A small volume of this mixture was added on top of a collagen I gel. The volume of the added epithelial cells was controlled so that the thickness of the upper layer would be 300 µm. The tissue constructs were prepared in 6.5 mm Elisa plate wells. About 20 µl of the cells re-suspended in the buffered collagen solution were added per well to achieve the desired thickness of epithelial cells. The thickness of the cellular layer was independently measured using optical confocal microscopy of transversely sectioned tissue constructs. Collagen was allowed to gel resulting in multiple layers of separated epithelial cells embedded in a diluted collagen matrix. The presence of collagen does not allow epithelial cells to settle down or to form aggregates. The construct was kept in DMEM culture medium plus 5% FBS for 24-48 hours. During this time, cells in the upper layer continued to proliferate, forming a highly dense cellular layer of controlled thickness on top of the bottom collagen layer. The morphology of the 3D tissue cultures closely resembles human tissue as shown in Figure 2 .
Probe Manufacturing
The major steps in manufacturing the fiber probe are shown in Figure 3 . Fiber separations within the probe were chosen so that Fresnel reflections from interfaces within the distal end of the probe and at the tissue would be outside of the acceptance angles of the collection fibers. With an angled geometry, however, total internal reflection (TIR) from any of the various interfaces must be also considered. We performed calculations that show TIR does not occur for the collection fibers tilted less than 51 degrees.
The probe was built using 200 µm core diameter fibers with 0.22 NA. The fibers were glued inside a stainless steel disk to give the desired geometry ( Figure 3A ). The holes were placed at the desired angle by electrical discharge machining (Norman Noble, Inc.). The end of the assembly was polished to a 100 nm finish and then two pieces of polarizing film (3M) were glued onto the disk ( Figure 3B and C). The transmission axes of the polarizing films were orthogonal to one another. The disk with fibers was placed inside a stainless steel tube. Finally, a protective fused silica window was glued atop the polarizing film ( Figure 3D ).
The other components of the clinical endoscopic device for polarized reflectance measurements included: a pulsed light source (Xenon lamp, Hamamatsu) to perform measurements under room light illumination; a single grating spectrograph (f/3.6, 300 lines/mm grating, 5 nm spectral resolution, Monospec 16, Jarrel Ash) coupled to a photodiode array detector (IRY-700, Princeton Instruments), and a computer to control data acquisition. A mercury lamp (ORIEL) was used for wavelength calibration of the spectrometer before each measurement. All spectra were normalized using the signal from a diffusely scattering white substrate (SRS 99, Labsphere). All components were placed on a cart to facilitate measurements in a clinical setting.
Normal Volunteers Study
The probe was evaluated in studies of normal oral cavity mucosa in vivo in 6 normal volunteers recruited at the University of Texas at Austin. Informed consent was obtained and the study was approved by the Internal Review Board at the UT Austin. Three sites were measured for each volunteer: lower lip, left and right buccal.
Pilot Clinical Trial
We carried out pilot clinical studies in collaboration with Dr. Ann Gillenwater in a group of 25 patients presenting pre-cancerous or cancerous lesions who were referred to the Head and Neck Clinic in M.D. Anderson Cancer Center. Informed consent was obtained and the study was approved by the Internal Review Board at the UT M.D. Anderson Cancer Center. Dr. Gillenwater performed standard clinical examination of the oral cavity, noting any areas suspicious for precancer or cancer. Polarized reflectance measurements were carried out on 1-2 suspicious areas and at least one normal site. All sites interrogated with the fiber probe were biopsied and submitted for standard histopathologic analysis. The final diagnosis was based on standard histopathology.
Comparison of Polarized Reflectance Spectroscopy with Histopathology
Nuclear diameters were measured from digital images of 4 µm thick H&E stained sections of oral cavity biopsies. The images were obtained using a calibrated Olympus light microscope equipped with a Pixera camera. A 40X objective was used to acquire the images.
Staining and fixation of tissue can cause expansion or shrinkage of cell nuclei. White et al. (30) measured in vivo confocal reflectance of oral mucosa and compared the collected images to en face H&E sections of the same tissue site. The H&E nuclear sizes deviated from the confocal reflectance sizes, depending on the depth of the nuclei within epithelium. The average deviation throughout the epithelium was close to zero. At any given depth, the nuclear size didn't vary by more than 10%. Polarized reflectance spectroscopy measurements are volume averaged. Therefore, we measured the average diameter of epithelial nuclei throughout the whole thickness of histological H&E transverse sections for comparison with the results of polarized reflectance measurements. Based on the results published in ref.
(30) the effect of staining and fixation on the average diameter of epithelial nuclei should be very small.
In general, the size analysis of three-dimensional structures from planar two-dimensional sections can result in a number of artifacts. These artifacts and algorithms that take them into account have been described in detail in refs. (31, 32) . As a result, the nuclear diameters measured from tissue sections thinner than a cell nucleus are smaller than the actual size. We have corrected the nuclear diameters measured from the H&E sections for this artifact.
Data Acquisition
For each sample, we collected elastically scattered light with polarization parallel and perpendicular to the polarization of the illumination light. Then, the depolarization ratio spectrum (D) was obtained:
where I II (λ) is the component of the light scattered by the sample with polarization parallel to the incident light, I ⊥ (λ) is the component with polarization perpendicular to the incident light, and λ is the wavelength of the incident light. The normalization term in the denominator is the total intensity of light (the perpendicular plus the parallel components) collected from a diffuse scattering substrate (Labsphere, SRS-99). The normalization accounts for the spectral characteristics of the illumination lamp and the spectrometer.
Theoretical Model
We have demonstrated that the depolarization ratio spectra can be described using a linear combination of forward and backward scattering of nuclei and the depolarization ratio for stroma (10, 23). The expression for the depolarization ratio is given by:
where B(λ) and F(λ) are the wavelength dependent crosssections for backward and forward scattering of light by epithelial nuclei, respectively; d is the nuclear diameter, p(θ, λ, d -, ∆d) is the scattering phase function averaged over a Gaussian distribution of nuclear diameters N(d), d is the average nuclear diameter, ∆d is the corresponding standard deviation, ρ is the density of nuclei (number of nuclei per unit volume), θ is the angle between the detection and illumination angles, θ B is the range of backward scattering angles, θ F is the range of forward scattering angles, a(ρ) and b(ρ) are empirical parameters dependent on the density of nuclei (ρ), S(λ) is the depolarization ratio profile of stroma, c is an empirical parameter determining the contribution of S(λ), and DC is a constant offset. S(λ) was independently determined in experiments with collagen type I gels and epithelial biopsies as described in (23).
In Equation [2] the term a(ρ)B(λ) describes the portion of the collected light that is backscattered by the epithelial nuclei. The detected forward component arrives at the collection fiber after undergoing two scattering events (term b(ρ)S(λ)F(λ) in Equation [2]): forward scattering by a nucleus in the upper cellular layer and another at the stromal layer where the light is redirected toward the collection fiber. The term cS(λ) represents the portion of the light that is redirected toward the detector at the epithelial-stromal interface without undergoing additional scattering events in the epithelial layer. This term takes into account the portion of the light that is backscattered by the stroma before its polarization is randomized by multiple scattering events. This contribution of the stromal scattering in the parallel channel increases the difference between the intensity of light detected by the parallel and the perpendicular channels. Note that the distribution of nuclear diameters and wavelength dependence of scattering are encoded in the term p(θ, λ, d -, ∆d), which can be calculated using Mie theory if nuclei are assumed to be homogeneous spheres.
The propagation of polarized light through biological tissue and turbid media has been addressed in a number of previously published works (33-36). Our model is based on the assumptions that, first, the epithelium is optically thin and, therefore, the reflectance signal originating from the epithelium is determined primarily by single scattering events. Second, the polarization is not altered by a single scattering event. Third, the incident light is effectively depolarized by the stroma, and only a small fraction retains its original polarization. Fourth, the refractive indices of scatterers and medium are non-dispersive.
The details of this theoretical model and the fitting of the depolarization ratio spectra are described extensively in refs. (10) and (23). Briefly, the measured depolarization ratio spectra were fit by varying the scatterer size and size distribution with fixed refractive index. For each diameter and size distribution, F(λ) and B(λ) were calculated. Then, a standard non-negative least squares algorithm was used to fit the experimental data using equation (2) and to obtain the coefficients a(ρ), b(ρ), c, and DC. The standard sum of the squared error (SSE) between the experimental spectrum and the fit was determined for each set of parameters. The fit with the smallest SSE was selected as the best fit. To optimize the Mie theory calculations, we created a lookup table, which has Mie scattering curves corresponding to different mean diameters, size distributions, and refractive indices of nuclei. This eliminates the necessity to calculate Mie curves every time a fitting procedure is implemented thus significantly accelerating the search for optimum fitting parameters.
Polarized Reflectance Spectroscopy to Measure Nuclear Morphology
Bench-top Set-up
To explore the feasibility of polarized reflectance spectroscopy, we built a spectrometer with polarized illumina- Figure 4 ) (10). We measured light scattering spectra from samples of progressively increasing complexity designed to mimic squamous epithelial tissue, which consists of multiple layers of epithelial cells atop a network of stromal collagen. We began by placing either polystyrene sphere suspensions or squamous epithelial cells atop a strongly scattering substrate and progressed to cervical biopsies, and finally to in vivo oral mucosa. The wavelength dependence of scattering with polarization parallel and perpendicular to the polarization of the illumination light was measured for all samples. To extract the size-dependent characteristics of scatterers, the depolarization ratio was used. Mie theory calculations were used to describe the observed depolarization ratio spectra and to estimate the sizes of the scatterers. We showed that the depolarization ratio spectra can be described as a linear combination of forward and backscattering components determined for each type of scatterer from Mie theory.
Polystyrene spheres provide an excellent first model because their sizes and refractive indices are well known. We demonstrated that spectra obtained using unpolarized illumination/ detection are dominated by diffuse scattering that almost completely obscures the size-dependent scattering component ( Figure 5, dashed curve) . The use of polarized illumination/ detection allows direct observation of the size-dependent periodic Mie scattering, without additional processing necessary to extract these components from unpolarized spectra ( Figure  5 , thick black curve). Both backscattering and forward scattering contribute to the scattering spectra ( Figure 5 , thick gray and thin black curves). Hence, using polarized illumination/ detection we can establish a one-to-one correspondence between particle sizes and their scattering spectra.
Next, we examined cells whose relative refractive indices are much smaller and whose internal structure is more complex ( Figure 6 ). To characterize the contribution of cell nuclei, a high concentration of bovine serum albumin (BSA) was used to match the refractive index of the cytoplasm with the refractive index of the surrounding medium (28). This effectively eliminates the cytoplasm as an optical interface and allows the scattering of nuclei to be directly assessed. Next, acetic acid (AA) was added to increase nuclear scattering, resulting in an increase in the portion of the spectrum attributed to nuclei (37). Then scattering of cells in a pure PBS buffer, consisting of contributions from both the cytoplasm and the nucleus was characterized. Depolarization ratio spectra for cells in the three solutions are shown in Figure 6B . In the presence of BSA, scattering from cells is significantly reduced in the red region of the spectrum. Addition of AA results in an overall increase in scattering.
The depolarization ratio spectrum of cells in BSA was fit to a linear combination of forward and backward Mie scattering components of nuclei plus a DC offset. The mean diameter of nuclei was determined by light microscopy and the refractive indices of the nuclei and the surrounding medium were varied to achieve the best fit. The best fit was obtained for relative refractive index of nucleus n rel = 1.036, and medium refractive index, which corresponds to the refractive index of the cytoplasm, n m = 1.374. The refractive index obtained from the fitting procedure (n m = 1.374) agrees well with the refractive index of BSA solution used in the experiment (n m = 1.37). The refractive indices obtained from the experiment with cells in BSA solution were used to describe the scattering of cells in a pure PBS buffer where both the cytoplasm and the nucleus contribute to the scattering spectrum. Mie theory calculations were in good agreement with the experimental data. These results suggest that cell suspensions in BSA solution could be effectively used to determine refractive indices of nuclei of different types of cells, including cells at different stages of cancer development.
The interest in scattering properties of cells in the presence of AA is driven by the fact that AA is a commonly used contrast agent in detection of epithelial pre-cancers. Phase-contrast microscopic photographs of cells in AA suggest that the refractive index of nuclei in AA is higher than the refractive index of nuclei in PBS ( Figure 6A ). Our Mie theory calculations showed that scattering of cells in AA solution can be described if the relative refractive index of nuclei is increased from 1.036 (PBS) to 1.05 (AA). Thus, even for weakly scattering cells, size-dependent scattering signatures can be extracted and characterized using a combination of polarized reflectance spectroscopy and Mie theory calculations.
Reflectance spectroscopy of epithelial tissue is extremely challenging because the scattering properties of the epithelial layer must be extracted in the presence of blood absorption and strong diffuse scattering from stromal layer. First, we showed in vitro that both the diffuse background and blood absorption can be virtually eliminated in spectra obtained from a normal cervical biopsy using polarized illumination and detection ( Figure 7A ). It was demonstrated that the resulting scattering spectra can be described using Mie theory calculations with the refractive indices derived from the experiments with cell suspensions in BSA and PBS solutions. Initially, we assumed that both the nucleus and the cytoplasm contribute to the scattering of the epithelium. However, Mie theory calculations showed that the contribution of the Mie scattering from the nucleus is about 8 times higher relative to the contribution of the cytoplasm. Accordingly, it was concluded that the scattering from the epithelium is mainly deter-mined by the scattering from nuclei. This result is not unexpected because it is more adequate to treat an epithelial layer which consists of densely packed cells as a continuous medium with refractive index of the cytoplasm and embedded nuclei rather than a suspension of isolated cells.
Mie theory was used to describe the polarized reflectance spectra, using nuclear sizes as unknown parameters ( Figures  7B) . The best fit to experimental data resulted in nuclear sizes. The nuclear diameters of 8 µm obtained from Mie theory calculations for the normal cervical biopsy agrees well with previously reported values of 6.1 ± 0.7 µm (38) obtained from morphometric measurements of normal squamous cervical epithelium. Differences in the mean diameters obtained from different sets of measurements could be attributed to individual variations from person to person.
Fiber Probe Design and Evaluation
There are several important issues, which must be addressed in order to advance polarized elastic light scattering spectroscopy to clinical practice. An important practical issue is to develop fiber optic probes that enable minimally invasive access to the many internal organs covered with epithelial tissue such as the oral cavity, larynx, cervix, esophagus, stomach, colon, bladder, and lung. We have designed and evaluated two generations of fiber optic probes for polarized reflectance spectroscopy: a "straight" geometry probe ( Figure  8A ) (23) and an "angled" geometry probe ( Figure 8B) illumination to the tissue site of interest and two fibers for simultaneous collection of scattering components with polarizations parallel and perpendicular to the incident light. The second probe combines the advantages of the polarized reflectance spectroscopy with an angled collection geometry to selectively probe scattering at various depths within epithelium. This also allows collection of the light scattered with polarization parallel and perpendicular relative to the illumination from the same region within the tissue.
Tilting the collection fibers causes their acceptances cones to cross. This permits collection of scattered light at a selected depth and from the same region by both collection fibers. Figures 9A and B illustrate this concept. In Figure 9A the distal end of the fiber probe is placed inside a luminescent medium and visible light is delivered through the two collection fibers. In Figure 9B , light is delivered through the collection and illumination fibers. The optimum distance from the distal end of the probe for a target tissue layer is in the region where all three beams intersect. To evaluate the new fiber probe, we used an integrated approach that combines well defined tissue phantoms and theoretical modeling. Multilayer phantoms of increasing complexity were con-structed to assess the performance of this new probe design in isolating scattering from a target depth and in discriminating the morphology of scatterers.
First, we prepared a two-layer phantom consisting of 6 µm polystyrene beads embedded in collagen, on top of a collagen matrix ( Figure 10) . To demonstrate the feasibility of optical sectioning using the fiber probe with an angled collection geometry, we performed depth profiling experiments. First, the probe was placed in direct contact with the phantom and the scattering spectra with polarization parallel and perpendicular relative to the incident light were obtained. Then the probe was withdrawn in 100 µm increments and the measurements were taken at each separation between the probe and the phantom. At zero separation the overlap between the illumination and collection cones is inside the collagen layer. As the probe is withdrawn, the overlap region enters the upper bead layer. These changes are reflected in the polarized reflectance measurements: when the probe is in direct contact ( Figure 11A , curve v.), sampling of the scattered light is from the collagen layer, and as the probe-sample distance is increased, the scattering from the beads becomes apparent as high frequency oscillations ( Figure 11A ). Using theoretical modeling, we extracted the scattering from collagen and polystyrene beads and plotted the integrated intensity of each component as a function of separation between the distal tip of the fiber probe and the phantom ( Figure 11B ). Both curves The dash-dotted curve shows the theoretically predicted curve.
were normalized to one at their respective maxima. The backscattering from beads is in very good agreement with the theoretically predicted intensity profile (Figure 11B , compare solid and dash-dotted curves). The theoretical profile was calculated based on the geometrical volume of overlap between illumination/collection acceptance cones and the bead layer of the phantom as well as scattering properties of the beads calculated using Mie theory.
We also performed depth profiling experiments using biologically relevant engineered tissue phantoms, which consisted of multiple layers of densely packed epithelial cancer cells atop a collagen I substrate (Figures 1 and 2 ). In this model, cellular layers represent the multilayer structure of squamous epithelial tissue and the collagen I matrix models the underlying stroma. Our analysis of depolarization ratio spectra obtained from the tissue constructs showed that cellular scattering is dominated by the forward scattering component.
The detection of forward scattering using a backscattering probe geometry necessitates that photons must have their propagation direction altered to exit the tissue surface for detection. We suggest that there are two possible mechanisms that can efficiently redirect illumination photons toward the surface: i) diffuse reflectance from the cell/collagen interface, and ii) single backscattering from within the lower collagen layer, which does not significantly change the original polarization of the illumination light (39). As a result, the forward scattering component of cellular nuclei is detected if the illumination light undergoes forward scattering events before or after its direction is altered at the stromal layer due to one of the mechanisms described above.
We used theoretical simulations to describe the dependence of the total integrated intensity of forward nuclear scattering on probe-sample separation for both proposed mechanisms ( Figure 12 ) (39). We assumed that each mechanism contributes independently to the overall forward scattering intensity 12, compare solid and dash-dotted curves). As expected the forward scattering due to the light redirected within stromal layer monotonically decreases with increasing probe-sample separation as the volume of overlap between the acceptance cones of illumination/collection fibers and the stromal layer decreases. The simulations show that the forward component originating from the scattering at the interface of the cellular and stromal layers correctly describes the characteristic peak observed in the experimental data. This peak corresponds to the maximum area of overlap between the interface and the acceptance cones of the collection/illumination fibers.
We applied Mie theory calculations to fit the depolarization ratio spectra of the tissue constructs using nuclear mean diameter and size distribution as unknown parameters (Figure 13 ). The nuclear sizes obtained from the calculations (7.5 ± 0.7 µm) agreed very well with independent measurements of nuclear diameters using confocal microscopy (7.9 ± 0.7 µm). These results demonstrate that nuclear sizes can be accurately extracted using the proposed fiber probe geometry. Nuclear morphology is one of the key histological parameters in cancer diagnosis, which currently can only be assessed using painful and invasive biopsy.
Instrument for In Vivo Measurements
Based on experiments with tissue phantoms we built a fiber optic probe with an angled geometry and an instrument for in vivo clinical measurements in oral cavity mucosa (Figure 14) (39). The distal end of the fiber probe is tilted to facilitate access to different sites within oral cavity ( Figure 14A ). The illumination fiber of the probe is connected to a Xe pulsed lamp (Hamamatsu) which provides ca. 4 µs pulses with 30-60 Hz repetition rate ( Figure 14B ). The collected scattered light passes through shutters (one shutter for each collection fiber) and is focused on the 250 µm entrance slit of a single grating spectrograph (Monospec 18, Jarrel Ash) coupled to an intensified gated photodiode array detector (IRY-700, Princeton Instruments). The shutters work in an alternative modewhen one shutter is open the other one is closed. This allowed us to independently detect the components of scattered light with polarization parallel and perpendicular relative to the polarization of the illumination light. The shutters alternate with a frequency of 15 Hz with every pulse of the Xe lamp. The detector is set to gated mode and is open only for the duration of a pulse from the Xe lamp with a delay time controlled by a pulse generator. The use of the pulsed lamp and the gated detector permits all measurements to be performed under room light illumination, which is very important to reduce patient anxiety and to make operation of the device more convenient for clinical practitioners. The whole device is placed on a cart to facilitate its use in clinic ( Figure 14C ).
The probe was evaluated in studies of normal oral cavity mucosa in vivo in 6 normal volunteers. Three sites were measured for each volunteer: lower lip, left and right buccal. Figure 15A shows a representative sample of in vivo spectra. A dramatic reduction in hemoglobin absorption is evident in the depolarization ratio spectrum. Figure 15B displays the nuclear sizes retrieved using Mie theory calculations. For the three sites measured, there are no significant variations of nuclear sizes ( Figure 15B ). The average nuclear size is 8.6 µm, which corresponds well with previously published value of 8.9 µm determined from nuclear areas of oral epithelium using in vivo confocal reflectance microscopy (30).
Sensitivity of Polarized Reflectance Spectroscopy to Nuclear Morphology
The results presented above demonstrate that polarized reflectance spectroscopy can be used to extract the sizedependent scattering characteristic of nuclei in vivo. However, they do not show how sensitive the proposed approach is to major morphological parameters of tissue and how this sensitivity compares with the morphologic differences between normal and pre-cancerous tissues. To perform an initial qualitative evaluation of the sensitivity of polarized reflectance spectroscopy to the morphology of epithelial tissue we carried out Mie theory simulations over a broad range of important morphological parametersmean nuclear diameter, nuclear size distribution, and nuclear relative refractive index (23). It was demonstrated that the forward Mie scattering component is the decisive factor which determines the mean diameter of scatterers from polarization reflectance measurements. For different widths of size distributions, the backscattering and forward scattering components appear to be complementary. The backscattering component shows high sensitivity to size distributions with a width below ca. 0.5 µm, whereas the forward scattering component shows more sensitivity to size distributions with widths larger than 0.5 µm. These results show promise that the combination of forward and backward scattering components can be used to retrieve both the mean diameter and distribution width of nuclei in vivo. After the qualitative analysis we performed initial quantitative simulations to determine the sensitivity of Mie theory calculations to mean diameter and size distribution of scatterers in the presence of instrument noise. The noise level was determined from the depolarization ratio spectra of normal oral cavity obtained using the instrument for in vivo polarized reflectance spectroscopy. Then a theoretical curve was created using Mie theory calculations with a fixed mean diameter (6.1 µm), size distribution (0.7 µm), and relative refractive index (1.036) of scatterers. The noise was randomly added at each point of a theoretical curve with the absolute amplitude ranging from zero to the maximum level observed in the experimental spectra. The simulations were done over the 400-620 nm range. Then we estimated parameters of the curve (mean diameter and size distribution) using Mie theory calculations. The simulation was repeated 5000 times with noise being randomly added every time to the model curve. 95% of the time the difference between the estimated and true parameters for both the mean diameter and the size distribution were less than 0.1 µm. This is a very promising result because the equivalent diameter of nuclei changes from d normal = 6.1 ± 0.7 µm to d CIN1 = 6.8 ± 0.9 µm when there is a progression from a normal to a precancerous cervical epithelium (mild grade cervical intraepithelial neoplasia -CIN 1) ( Figure 16 ).
Preliminary Results from Pilot Clinical Trials
Building on the encouraging results obtained from the experiments with the realistic three-dimensional tissue phantoms and the in vivo studies on normal volunteers, we carried out a pilot clinical trial of polarized reflectance spectroscopy in a group of 25 patients presenting pre-cancerous or cancerous lesions. In this study 1-2 oral cavity sites suspicious for cancerous lesions and one normal site were interrogated with the fiber optic probe for polarized reflectance measurements. Biopsies were taken from all measured sites and submitted for standard and quantitative histopathology. The data analysis from this study is in its early stages, however, we have obtained some promising preliminary results. First, we compared mean nuclear diameters obtained from the analysis of polarized reflectance spectra in vivo with the mean nuclear diameters retrieved from H&E stained sections of oral cavity biopsies (Figure 17 ). Nuclear diameters were measured directly from images of H&E labeled sections acquired using a calibrated light microscope equipped with a Pixera camera. It can be seen that in vivo spectroscopic and ex vivo microscopic measurements correspond very well (Figure 17 ). Our next step will be comparison of size distributions of nuclei. Preliminary data also show potential of in vivo polarized reflectance spectroscopy to decrease the number of false-positive biopsies during clinical examination of the oral cavity. For example, two patients enrolled in the study had biopsies taken from sites that appeared clinically abnormal during clinical evaluation, but were classified as false positive after histopathologic examination. Our in vivo polarized reflectance measurements showed that there were no significant differences in nuclear sizes between false positive and normal sites of both patients. We obtained a nuclear size distribution of 8.8 ± 0.6 µm for the abnormal site and 8.2 ± 0.7 µm for the normal site of one patient, and 7.6 ± 0.5 µm for the abnormal site and 7.6 ± 0.6 µm for the normal site of the other patient. The lack of difference in the nuclear morphology between the false positive and the normal sites correlates well with histopathologic diagnosis. We will further explore the correlation between in vivo polarized reflectance measurements and histopathology as we continue our analysis of the clinical data.
Discussion
Optical techniques based on elastic light scattering have shown great potential for early detection of pre-cancers in epithelial tissue. It is well accepted that changes in elastic light scattering represent changes in tissue morphology. The technique of polarized reflectance spectroscopy is particularly attractive because it can provide morphological information about epithelial tissue in vivo and non-invasively. The adequate interpretation of information provided by this modality can be quite challenging due to the complexity and diversity of biological tissues. Its success relies firmly on our understanding of the morphological and biochemical processes in tissue and how both manifest in measured spectra. Our results with realistic three-dimensional tissue phantoms show that the forward scattering of cellular nuclei is a major contributor to the epithelial scattering collected in our probe geometry. It was shown that the forward scattering of cells can be adequately described using Mie theory calculations given the average refractive indices of nuclei and cytoplasm (21, (40) (41) (42) . Moreover, recently, Chen et al. compared FDTD numerical simulations and Mie theory to better understand the role of random dielectric inhomogeneities in modeling of light scattering (43). The authors demonstrated that FDTD calculations of the spectral dependence of the total cross-section of randomly inhomogeneous dielectric spheres closely resemble Mie theory results for their homogeneous counterparts that have a volume-averaged refractive index. However, the situation is more complicated for backward scattering where fluctuations of the refractive index inside the cell and scattering from organelles smaller than the nucleus become increasingly important (41, 42, 44, 45) . Unfortunately, little information is available on these index variations and more work needs to be done before these variations can be adequately taken into account to describe the backscattering of cells.
Mourant has intensively studied the wavelength and angular dependence of scattering of tumorigenic and nontumorigenic fibroblasts (14-17). The authors concluded that: (i) the backscattering properties of cells are dominated by scatterers with 0.5-1.0 µm radii, (ii) up to 40% of cellular scattering arises from nuclei, and (iii) that backscattering at angles greater than 110º can be correlated with the DNA content of the cells. Recent electro-magnetic models incorporate internal complexity to calculate the angular distribution of scattered light (phase function) from individual cells of arbitrary shape and dielectric structure. These models are based on numerical solutions to Maxwell's equations using a finite-difference time-domain (FDTD) technique (18, 19) . As the grade of dysplasia increases, the simulations predict that the scattering cross section significantly increases, due to increases in nuclear size, optical density and texture (21). Furthermore, the wavelength dependence of this scattering can be calculated using FDTD simulations (20). These simulations are in good agreement with the experimental measurements of cellular scattering reported by Mourant (14) .
The optical fiber probe described in this article and the theoretical model of polarized reflectance spectroscopy based on Mie theory calculations show great potential for non-invasive analysis of nuclear sizes. However, this approach has significant limitations. It does not provide information about the heterogeneity of nuclei, which is one of the key morphological biomarkers of carcinogenesis (46-48) and it does not include algorithms that would allow direct monitoring of changes in the morphology of stroma. The biochemical and morphological changes in the stromal layer have recently received significant attention because of the growing body of evidence indicating the importance of epithelial-stromal interactions in the regulation of a variety of biological processes, including carcinogenesis (7, 8) . In our future studies, we will address these limitations to significantly extend the possibilities of polarized reflectance spectroscopy for in vivo detection, characterization and diagnosis of epithelial pre-cancer. We will use an integrated approach that combines theoretical modeling, quantitative histopathology based on stoichiometric Feulgen stain, and polarized reflectance measurements in well defined models of carcinogenesis to accurately describe the relationship between the heterogeneity of nuclei and the scattering of epithelial cells and to develop a new fiber probe design that allows direct assessment of tissue morphology in the epithelial and stromal layers.
Conclusion
The inexpensive optical sensors proposed here will allow non-invasive and real time assessment of morphological changes associated with carcinogenesis in the epithelial layer and underlying connective tissues. That will immediately impact current clinical practice by reducing the number of unnecessary biopsies, by decreasing the need for clinical expertise, and by providing the opportunity for a "see and treat" approach to clinical care ( Figure 18 ). 
